Apoptosis was evaluated in the livers of Fischer-344 rats following observations of increased hepatocellular proliferation from exposures, at low parts per million (ppm) levels, to a drinking water mixture of 7 groundwater contaminants during a 6-mo timecourse study. The 7 chemicals used are among the most frequently detected contaminants associated with hazardous waste sites: arsenic, benzene, chloroform, chromium, lead, phenol, and trichloroethylene. Significant increases in 5-bromo-2'-deoxyuridine hepatocellular labeling were present in a unique pattern surrounding large hepatic veins (0.5-2.0 mm). This did not appear to be a regenerative response due to cytotoxicity, as assessed by the absence of increased plasma enzyme activity and the absence of hepatocellular lesions. Immunohistochemical staining for apoptosis, using the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) method showed patterns of labeling in treated animals that directly correlated to areas of increased hepatocyte proliferation. Apoptotic activity was maximum at the 1-mo exposure time point, whereas proliferating hepatocytes reached a maximum rate at the 10-day time point. This may have been triggered as a compensatory response to the increased cell proliferation or as a protective response to remove cells with altered DNA due to chemical mixture exposure. The principal findings of this paper are that (a) apoptosis directly correlated with changes in cell proliferation; (b) observed effects were produced by repeated exposures to a relatively low-level chemical mixture; and (c) the TUNEL method detected apoptotic cells at very early and late stages, potentially increasing the observable time period for apoptosis.
INTRODUCTION
Drinking water supplied from groundwater aquifers provides one of the most important pathways for exposure to environmental contaminants. Approximately 40-50% of the U.S. population uses groundwater as its primary drinking source (44) . Because hazardous waste sites, landfills, and poor agricultural practices continue to contaminate the groundwater, the potential for human exposure to environmental contaminants will remain. Furthermore, contact with contaminated environmental media usually results in a multiple-chemical exposure rather than the relatively rare single-chemical exposure (31, 43) .
Hence, in vivo interactions of chemicals must be consid-ered when evaluating environmental chemical toxicity, yet most toxicological studies to date have focused on single chemicals. Of the few studies investigating mixtures of groundwater contaminants, toxic responses include immunosuppression (16) , hepatotoxicity (35) , and cytogenetic effects (34) in rats and mice. The potential for environmental chemical mixtures to disrupt the balance of cell growth and cell death, leading to carcinogenesis, has not been extensively evaluated.
Loss of hepatocytes is just one example of a toxic response to chemical exposure and can be produced via 2 different pathways: necrosis and apoptosis. Necrosis usually involves groups of cells and has been classically defined as a passive form of cell death whereby the integrity of the cell membrane is disrupted, releasing cellular components and triggering inflammation (27, 28) . On the other hand, apoptosis is recognized as an active form of cell death in which individual cells are removed from the overall cell population (21, 41) . It is sometimes referred to as &dquo;cellular suicide,&dquo; because the impetus to die originates from intracellular signals, rather than exogenous stimuli. It is best characterized by a series of cellular morphological changes, which have been thoroughly reviewed (6, 10, 12, 21, 27) . Briefly, these changes include nuclear condensation and pyknosis of chromatin, degradation of DNA into evenly spaced nucleosomal fragments, cell volume shrinkage and contact loss with neighboring cells, nuclear fragmentation (karyorrhexis), formation of apoptotic bodies, and phagocytosis by neighboring cells or macrophages. The morphologically visible window of apoptosis is relatively short and reportedly varies from 3-4 hr (10) to 4-9 hr (7) . Many investigators find it difficult to distinguish between apoptosis and necrosis, as emphasized by Levin (26) , because the morphological characteristics are somewhat similar.
Recently, new techniques have emerged to help identify apoptotic cells in tissue sections without disturbing architectural structures (4, 15, 37, 40) . These methods take advantage of fragmented nuclear DNA in apoptotic cells by assembling groups of tagged nucleotides at strand breaks, which allows discrimination of apoptotic cells from normal cells using immunohistochemical staining techniques. We used a modified version of an immunohistochemical method first described by Gavrieli et al (15) , terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL). This technique allows easy identification, quantification, and architectural localization of apoptotic cells and may increase the &dquo;visible window&dquo; of apoptosis by detecting cells at the beginning and final stages. These techniques have disadvantages in that they can also positively stain nonapoptotic cells (17, 19, 30) . Therefore, assays such as TUNEL require close examination of each positively stained cell, usually under high magnification, to ascertain whether or not the cell meets criteria for apoptosis.
Recently, we reported observing a unique pattern of hepatocellular proliferation around large hepatic veins in Fischer-344 (F-344) rats following repeated exposure, at low levels, to a mixture of common groundwater contaminants (13) . Chemical mixture components and their concentrations were selected based on frequency of detection in groundwater around hazardous waste sites (42, 44) . A dramatic increase in 5-bromo-2'-deoxyuridine (BrdU)-labeled hepatocytes had accumulated immediately adjacent to the large hepatic veins (0.5-2.0 mm in diameter), but not in centrilobular or periportal areas, of mixture-treated animals. The chemical mixture appeared to generate a mitogenic response, as there was no morphologic evidence of cytotoxicity or necrosis. However, an increase in liver weight, which is commonly reported with mitogenic proliferation, was also absent. Therefore, we sought to determine whether or not apoptosis may have been induced to compensate for the increased hepatocyte proliferation in these perivenular areas.
MATERIALS AND METHODS
Animals. Male F-344 rats, approximately 30 days of age, were obtained from Harlan Sprague-Dawley (Indi-anapolis, IN) and allowed to acclimate to the elevation of Fort Collins, Colorado, for 30 days. Animals were randomized by weight and segregated into treated and control groups. Three animals were housed per cage in polycarbonate cages with corncob bedding and stainless-steel wire tops. Animals were kept on a 12-hr light/dark cycle, and rooms were maintained at approximately 25°C with 55% humidity. Control and treated rats were given food (Harlan Teklad NIH-07 Diet, Madison, WI) and water ad libitum. Following the 30-day acclimation period, animals were given either deionized (DI) water (controls) or the drinking water containing the chemical mixture (treated). Treated and control groups were kept in separate rooms designed for exposures to hazardous materials to prevent cross-exposure to volatilized chemicals from the drinking water mixture. Animals were cared for in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and housed in facilities fully accredited by the American Association for Accreditation of Laboratory Animal Care.
Chemicals. All chemicals purchased were ~~:99% purity. Benzene was obtained from Mallinckrodt Specialty Chemicals Co. (Paris, KY). Trichloroethylene (TCE) was obtained from EM Science (Gibbstown, NJ). Arsenic trioxide, chloroform, chromium chloride hexahydrate, lead acetate, and phenol were purchased from Aldrich Chemical Co. (Milwaukee, WI). BrdU was purchased from Sigma Chemical Co. (St. Louis, MO), dissolved in 37°C saline to produce a 20-mg/ml solution, and filter-sterilized.
Drinking Water Mixture Preparation and Administration. Details regarding preparation of the drinking water mixture have been previously reported (13) . For this study, 1 concentration of the drinking water mixture was used. This represents approximately a 10-fold increase of the average concentrations of the individual chemicals in the mixture found in groundwater in the vicinity of hazardous waste sites (42, 44) . The chemical components and concentrations (ppm) for the mixture were as follows : arsenic (arsenic trioxide), 31; benzene, 50; chloroform, 15; chromium (chromium chloride hexahydrate), 7; lead (lead acetate trihydrate), 37; phenol, 34; and TCE, 38 . The salt formulation shown for the inorganic compounds were used for solubility in water; however, concentrations of the inorganic components represent the ionic form of the chemical.
Drinking water containing the chemical mixture was placed in amber glass water bottles with stainless-steel double-ball sipper tubes equipped with Teflon septums to reduce possible photodecomposition and chemical reactivity. Water bottles for mixture-treated and control animals were changed every Monday, Wednesday, and Friday mornings. Drinking water and food consumption were monitored weekly. To ensure accurate mixture preparation, chemical analyses of inorganic mixture components were performed using atomic absorption spectrophotometry. Organic components were analyzed using purge and trap gas chromatography, except for phenol, which was analyzed using high-pressure liquid chromatography. Chemical concentrations in the drinking water bottles of randomly picked cages were also periodically analyzed after 48 hr of use.
A paired-water control study was also performed during the 3-day exposure experiment to determine the effect of potential decreased water intake upon measured endpoints. This experiment added a third rat group (pairedwater control), which was staggered 48 hr later and given limited drinking water (deionized water) matched to the amount consumed by chemical mixture-treated rats.
Experimental Design. Five time points (i.e., 3 days, 10 days, and 1, 3, and 6 mo) were selected throughout the 6-mo study to evaluate histopathology, hepatocellular proliferation, apoptosis, liver weight, body weight, and other indices relative to exposure duration. Five animals were used at each time point per group (i.e., 5 treated/5 control). To assess cell proliferation, BrdU was administered via surgically implanted osmotic minipumps (Al-zet4' model 2ML1, 10 pLl/hr, Alza Corporation, Palo Alto, CA) (13) . These were implanted 7 days prior to the end of the exposure period to achieve continuous delivery of BrdU (20 mg/ml) during the last week of chemical exposure, except for the 3-day study. In this study, pumps were implanted subcutaneously on day 0 and treatment started on day 1 (after 1 day of recovery) and continued for 3 days. At approximately 9:00 in the morning of each exposure time point, animals were sacrificed by aortic exsanguination following C02/ether anesthesia. Blood was collected from the abdominal aorta for analysis of plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT) enzyme activities. Whole livers were immediately removed and weighed. Three longitudinal sections approximately 5 mm each were taken from the middle of the left hepatic lobe and fixed in 10% neutral-buffered formalin for 24 hr. A 1-cm section of the jejunum was fixed to serve as a positive control for BrdU labeling. Tissues were embedded in paraffin, sectioned at 5 [Lm, and mounted on Superfrosfw Plus-Treated slides (Fischer Scientific, Pittsburgh, PA) to enhance tissue section adhesion. Serial sections were stained with hematoxylin and eosin (H&E) for histopathological examination, anti-BrdU for evaluation of cell proliferation, and TU-NEL for evaluation of apoptosis. BrdU Immunohistochemistry. A detailed outline of the procedure used for BrdU immunostaining is presented elsewhere (13) . In brief, deparaffinized sections were treated with 2 N HCl for 1 hr at room temperature (RT) followed by a 10-min digestion with 0.25% pepsin at pH 2.0 at 45°C to expose antigenic sites. Slides were blocked with goat serum and incubated overnight at RT with anti-BrdU primary antibody. Streptavidin-alkaline phosphatase labeled the primary antibody, and a final incubation in chromogen stained the BrdU-incorporated nuclei red. TUNEL Assay. DNA fragmentation was evaluated by optimizing the recommended method of a commercial apoptosis detection kit (ApopTag@ In Situ Apoptosis Detection Kit: Peroxidase; Oncor, Gaithersburg, MD). Five-J-Lm-thick liver sections were deparaffinized and hydrated by passage through a series of washes: 5 min in xylene ( X 2), 5 min in 100% ethanol (X2), 3 min in 95% ethanol, 3 min in 70% ethanol, 2 min in DI water, and 5 min in pH 7.4 phosphate-buffered saline (PBS). Tissues were then digested in 25 pLg/ml Proteinase K (P2308 Sigma Chemical Co., St. Louis, MO) for 25 min at RT, washed in PBS for 2 min, and followed by a 2-min wash in DI water. Endogenous peroxidase was quenched using 3% H201 in DI water for 6 min at RT followed by 2 5-min washes in PBS. Approximately 80 pLl of Equilibration Buffer containing digoxigenin-conjugated nucleotides (supplied by kit) was applied to each section for about 5 min at RT. Sections were then incubated with 54 [LI of working-strength TdT enzyme (prepared according to Oncor instructions) in a humidified chamber at 37°C for 70 min. For negative control slides, PBS was pipetted onto the slide in place of TdT enzyme. Specimens were then placed in a slide dish containing prewarmed working-strength Stop/Wash Buffer (supplied by kit) and incubated in a 37°C oven for 30 min, agitating the solution every 10 min. Slides were then washed in PBS for 5 min (X2) and incubated in a humidified chamber at RT with about 80 ~Ll Anti-Digoxigenin-Peroxidase (supplied by kit) for 30 min. To prepare sections for chromogen staining, slides were washed in PBS for 5 min ( X 2) and then in DI water for 3 min. Color development was performed using either of 2 chromogen substrates, aminoethyl carbazole or diaminobenzidine, and counterstained lightly w*'-h hematoxylin for histological evaluation.
Morphometric Analysis. Slides were blind-coded and evaluated by light microscopy for evidence of morphologic changes, BrdU-labeled hepatocyte nuclei, and TU-NEL-stained cells. As reported previously (13) , dense groupings of BrdU-labeled nuclei were observed in hepatocytes surrounding large (0.5-2.0-mm) hepatic veins. These cells were evaluated using a circumferential region approximately 10 cells distal to the vessel wall. The percentage of BrdU-labeled nuclei out of the total number of nuclei counted in this region was used as the labeling index (LI).
Apoptotic cells were initially evaluated by using 8-10 random fields of each liver section totaling at least 2,000 cells. Because of the unique BrdU-labeling pattern observed in the livers of mixture-treated animals, the same perivenular areas were also used to evaluate apoptosis on serial sections. Cells that stained positive using the TU-NEL assay were individually evaluated under higher power (X200) to determine whether or not they were false-positives. Stained cells that appeared necrotic (e.g., dissolution of cell membrane, inflammatory response) were very rare and not included in the quantification of the apoptotic index. Furthermore, they were not densely stained as the apparent apoptotic cells. Quantification of the apoptotic index only included hepatocytes that densely stained and had the characteristic signs of apoptosis (e.g., pyknosis, condensed cell volume, apoptotic bodies). Compact groups of apoptotic bodies were considered to have originated from 1 cell. Other hepatocytes included in determining an apoptotic index were those that had engulfed nearby apoptotic bodies, as these represented a visible portion of the apoptotic process. Statistical analyses were performed using Student's t-test to compare treated and control groups at each time point. 
RESULTS
No animals died from the chemical mixture treatment during the 6-mo study, and all appeared healthy at sacrifice. Body weight gain, final body weights, and food consumption did not differ between treated and control animals throughout the study; however, drinking water intake was significantly decreased ( 18-25 %) in the group receiving the chemical mixture. Liver/body weight ratios, AST, and ALT activities were not affected by treatment at any time point when compared to controls. As previously reported, livers of the mixture-treated and control rats had no evidence of lesions associated with treatment.
Neither cell degeneration nor frank necrosis were present (13) . When results from the paired-water control group were compared to those from the 3-day exposure negative control group (DI water ad libitum), no differences in any endpoints were observed between negative control animals and paired-water control animals.
Nonspecific staining was not observed using the TU-NEL assay for detecting apoptotic cells, and negative control slides did not show staining. Cells at the tips of intestinal villi were markedly stained, concurring with observations by Gavrieli et al (15) . Hepatocytes appear- ing to be in various stages of apoptosis were prominently stained. Examples of the typical stained apoptotic cells are illustrated in Fig. 1 a, b. Chromogen stain was restricted within the boundary of apoptotic cells with pyknosis or distinct apoptotic bodies. In addition, the cytoplasm of hepatocytes that engulfed apoptotic bodies stained lightly, while the ingested body retained a very dense stain (Fig.  lb) . Nuclei of phagocytic hepatocytes did not pick up stain. It is possible that nuclear material from degeneration of ingested apoptotic bodies produced the cytoplasmic staining.
Once the TUNEL assay was optimized, serially cut sections were used to compare apoptotic activity with BrdU labeling. In a previous paper (13), we reported a unique pattern of increased proliferation represented by clusters of BrdU-labeled hepatocytes bordering large hepatic veins in mixture-treated animals only ( Fig. 2a, b ). We refer to hepatic veins as the larger veins (0.5-2.0 mm in diameter) leaving the liver. Increased labeling pattern was not observed in periportal or centrilobular areas of animals in either group, nor was it present when random fields were evaluated as opposed to concentrating on areas around the hepatic veins. As with the cell prolifera- Fig. 2b from mixture-treated rat receiving the drinking water chemical mixture for 10 days. b) TUNEL-stained section from a rat after receiving the drinking water mixture for I mo showing several dark hepatocytes in various stages of apoptosis. The area surrounding hepatic veins was the site of increased cell proliferation and apoptosis; however, maximum apoptotic activity (1 mo) followed that of cell proliferation (10 days). DAB, hematoxylin counterstain. X200. tion findings, there was no significant increase (p 2:: 0.1) in apoptosis with treatment when random fields of the hepatic parenchyma were evaluated. Here, the apoptotic index was approximately 0.1 % for both mixture-treated and control animals. The apoptotic index was also not significantly different (p > 0.5) between the paired-water control group of animals and the ad libitum controls.
However, an increase in apoptosis was observed in the same perivenular areas where increased BrdU labeling was seen (Fig. 3a, b) . In contrast to the low apoptotic rate (i.e., 0.1 %) seen in the overall parenchyma, the apoptotic rates in this region were significantly (p ~ 0.01) increased in treated animals.
The time-course BrdU LI of the hepatocytes bordering the hepatic veins is shown in Fig. 4 . Treated animals exposed to the drinking water contaminant mixture for 3 days, 10 (13) , by permission of Oxford University Press. crease in cell proliferation was observed before returning to background levels. A similar response was also observed when evaluating the time-course index of apoptosis (Fig. 5 ). However, the increase in apoptosis lagged behind that of cell proliferation. When apoptotic and proliferative time-course responses from mixture-treated animals are compared (Fig. 6) , it becomes apparent that the FIG. 5.-Time course measurement of apoptosis around large hepatic veins in livers of F-344 rats receiving drinking water ad libitum containing DI water (controls) or a mixture of 7 groundwater contaminants (treated). The apoptotic index is the percentage of scored apoptotic cells out of the total cells counted. Hepatocytes scored as apoptotic included those that were TUNEL-stained and had signs of condensed cytoplasm, pyknosis, karyorrhexis, or ingested apoptotic bodies or were a solitary apoptotic body or had fragmented into a close group of apoptotic bodies. Bars represent the mean ± SD. Asterisks (*) represent a significant (p < 0.01) difference from controls. apoptosis around large hepatic veins of F-344 rats given drinking water containing a mixture of common groundwater contaminants. Proliferating hepatocytes were measured using BrdU labeling (Yl axis), and apoptotic hepatocytes were measured using TUNEL staining (Y2 axis). Rats received BrdU over several days via implanted minipumps, allowing for a lengthy labeling period. The TUNEL technique stained hepatocytes that were undergoing apoptosis only at the time of sacrifice, hence the much lower index. Error bars represent SD. maximum apoptotic index (i.e., 1 mo) follows the peak in cell proliferation (i.e., 10 days).
DISCUSSION
There are 2 possible explanations for the apoptotic response we have seen: (a) apoptosis was secondary, induced as a compensatory response to the increased cell proliferation around hepatic veins; or (b) apoptosis was the initial response, acting as a protective mechanism by removing DNA-damaged hepatocytes from the cell population and thereby inducing cell proliferation to replace lost cells. Unfortunately, the TUNEL assay, or any method used in identifying apoptotic cells for that matter, cannot resolve the chronological order.
The first explanation is supported by the comparative time-course data (Fig. 6 ), suggesting that apoptosis occurred after a burst of cell proliferation, as apoptotic activity reaches a maximum after cell proliferation. This would concur with the concept that apoptosis can act as a compensatory mechanism to regulate the cell population after a response such as hyperplasia. Apoptosis has been regarded as the complement to mitosis, having the role of regulating cell numbers (10, 41) . It is dramatically increased following withdrawal of mitogenic compounds, leading to the regression of hyperplasia (9) . Levin (26) suggested the concept &dquo;compensatory apoptosis&dquo; to describe this phenomenon. Hence, apoptosis is believed to act as a homeostatic control mechanism, regulating cell turnover. If, indeed, apoptosis was triggered as a compensatory response to a sudden increase in cell number, then might the mechanisms involved with involution of hyperplasia in the liver also cause involution of preneoplastic foci and neoplasms? The question of reversing tumor promotion has been raised previously (9) . To answer these questions, methods in measuring cell population kinetics (e.g., cell growth, cell death) must be employed.
With regard to the second explanation, apoptosis serves as a protective mechanism by removing DNAdamaged cells, senescent cells, and embryonic cells (11, 41, 46) . It has been reported that the tumor-suppressor gene p53 detects DNA damage in cells and causes the cell to enter into apoptosis (24, 32, 36) . Such a mechanism might be plausible for the observed response, as several of the components from our drinking water chemical mixture have genotoxic properties. Chromium and arsenic are both suspected mutagens, binding with genetic material or producing chromosome aberrations (18, 39) . The other inorganic mixture component, lead, may indirectly affect DNA repair mechanisms (1) . Benzene and its metabolite, phenol, can also form DNA adducts in hepatocyte nuclei and mitochondria of rabbits (3, 8) . TCE is also suspected of being both a weak mutagen (2) and an inhibitor of intercellular communication by altering or disrupting gap junctions (23) . Trosko and Goodman (38) hypothesized that interruption of intercellular signals via gap junctions can induce a cell to undergo apoptosis. This is supported by observations that phorbol esters are known to inhibit gap junction intercellular communication (20, 29) and also induce apoptosis (22, 45) in epithelial cells. Thus, one cannot rule out either of the 2 explanations as the underlying mechanism in this case.
There are several methods available to identify apoptotic cells. Morphological detection of pyknotic nuclei and apoptotic bodies from an H&E section may result in identification of only the obviously apoptotic cells, those that are pyknotic or have budded into apoptotic bodies, and overlook cells that are at the beginning or end of the relatively short process of apoptosis. For many, transmission electron microscopy is preferred for identifying apoptotic cells based on condensation of electron-dense chromatin. However, tissue preparation and small sample size may make this method impractical in evaluating structural patterns of apoptosis and quantifying apoptotic cells in a tissue section. Other methods, such as DNA laddering techniques, utilize gel electrophoresis to detect DNA fragmentation. Although these allow for quantification, they require homogenized tissues and, thereby, eliminate the possibility to determine the architectural pattern of the apoptotic cells.
We feel that the use of immunohistochemical assays (e.g., TUNEL) provides a good assessment of apoptosis in the liver. The TUNEL method did make quantifying apoptosis much easier than relying on H&E sections. Because of the low percentage of apoptotic cells in a tissue (e.g., 0.1 % in liver), this method enabled easy scanning of several thousand cells to detect prominently stained apoptotic cells. The assay provides very sharp and defined staining of pyknotic cells, apoptotic bodies, and phagocytized apoptotic remnants in the cytoplasm of neighboring hepatocytes. However, caution must be used when interpreting stained cells, as these methods can identify nonapoptotic cells (17, 19) . Although it may be quite difficult to differentiate between apoptosis and ne-crosis in certain situations (especially with the light microscope), the TUNEL method was an effective tool. Additionally, there appears to be an inherent interanimal variability as demonstrated by the range of apoptotic activity in control animals (Fig. 5) . A greater animal sample size at each time point might have reduced this variability, but the analysis was dependent on the number of animals originally used in the hepatocellular proliferation experiment.
It is somewhat difficult, when using quantitative data, to compare BrdU LIs with apoptotic indices from TU-NEL assays. This is because BrdU, delivered via minipumps, is continually administered over several days, whereas TUNEL assays only stain cells undergoing apoptosis at the moment of sacrifice. Therefore, BrdU labeling studies can produce very high proliferation indices relative to TUNEL-measured apoptotic indices. Because the apoptotic time span is short, there are relatively small numbers of observable apoptotic cells. Therefore, direct comparisons with BrdU cell proliferation data over a comparable period of time must include some adjustment of the apoptotic index. To characterize apoptosis as a function of time (e.g., daily rate), one must first decide upon a time period that encompasses the morphological process of apoptosis. A definitive time period has not been clearly stated, although several have been reported (i.e., 3-4 or 4-9 hr) (7, 10) .
We found that hepatocytes that engulfed apoptotic bodies showed positive staining and were easily recognized even when the phagocytized apoptotic bodies were barely visible under high-power magnification. These remnants of apoptosis might have been overlooked while scanning H&E sections. Hence, the morphologically visible window of apoptosis and number of apoptotic cells may be increased via immunostaining techniques. Defining a precise time range for the process of apoptosis is vital in determining time-dependent apoptotic rates for a tissue, preneoplastic focus, or tumor.
Correlating rates of apoptosis, cellular proliferation, and necrosis is important in assessing the ability of environmental chemicals to induce carcinogenesis. Cell population kinetics, comprised of both cell growth and cell death, are fundamental to the carcinogenic process. Cell gain and loss can occur simultaneously in tumors. The net growth rate of a tumor is determined by the balance of cell proliferation by mitosis and cell loss due to death or migration. Decreased apoptotic activity can lead to uncontrolled expansion of foci of altered hepatocytes (33) and rapidly expanding tumors with high mitotic rates (5) . Apoptosis can be inhibited by mitogenic compounds (e.g., phenobarbital) and by trophic hormones (e.g., adrenocorticotropic hormone), which can lead to teratogenesis or tumor promotion (10) . In liver, apoptosis can also be induced by compounds such as cycloheximide (25) and thioacetamide (14) . Understanding this delicate balance in animal models will be critical in evaluating chemically induced carcinogenesis in humans.
Currently, we are evaluating the promotional activity of the 7-chemical mixture and its inorganic/organic submixtures through the use of medium-term bioassays. Experimental data from these studies (i.e., development of enzyme-altered foci) will be incorporated with mechanistic aspects of carcinogenesis (e.g., cell cycle kinetics, oncogene expression, proliferative and apoptotic rates) in order to investigate the carcinogenic potential of chemical mixtures.
